The activation of caspase-3 represents a critical step in the pathways leading to the biochemical and morphological changes that underlie apoptosis. Upon induction of apoptosis, the large (p17) and small (p12) subunits, comprising active caspase-3, are generated via proteolytic processing of a latent proenzyme dimer. Two copies of each individual subunit are generated to form an active heterotetramer. The tetrameric form of caspase-3 cleaves specific protein substrates within the cell, thereby producing the apoptotic phenotype. In contrast to the proenzyme, once activated in HeLa cells, caspase-3 is difficult to detect due to its rapid degradation. Interestingly, however, enzyme stability and therefore detection of active caspase-3 by immunoblot analysis can be restored by treatment of cells with a peptide-based caspase-3 selective inhibitor, suggesting that the active form can be stabilized through protein-inhibitor interaction. The heteromeric active enzyme complex is necessary for its stabilization by inhibitors, as expression of the large subunit alone is not stabilized by the presence of inhibitors. Our results show for the first time, that synthetic caspase inhibitors not only block caspase activity, but may also increase the stability of otherwise rapidly degraded mature caspase complexes. Consistent with these findings, experiments with a catalytically inactive mutant of caspase-3 show that rapid turnover is dependent on the activity of the mature enzyme. Furthermore, turnover of otherwise stable active site mutants of capase-3 is rescued by the presence of the active enzyme suggesting that turnover can be mediated in trans.
Introduction
Apoptosis, a form of programmed cell death, is a highly regulated process essential for the tidy disposal of dying cells in many multicellular organisms. 1, 2 This mode of death is critical for normal development as well as the maintenance of cellular homeostasis. 3 On the molecular level, members of a family of cysteine proteases, designated caspases, are responsible for programmed cell death. 4, 5 In response to an apoptotic stimulus a caspase cascade is activated in which initiator caspases are first activated through dimerization and they, in turn, act to cleave and activate downstream effector caspases. 6 Once matured, effector caspases can cleave specific protein substrates within the cell, resulting in the apoptotic phenotype. 5, 7 Numerous studies have implicated caspase-3 as one of the main effector caspases in mammalian cells. 5 The importance of this gene is exemplified by the phenotype of the caspase-3-null mice that are characterized by severe defects in neuronal development due to a lack of normal programmed cell death. 8 Other studies performed using caspase-3-null MCF-7 breast carcinoma cells demonstrate that caspase-3 is essential for inactivation of ICAD (inhibitor of caspase-activated DNase) and is therefore the primary activator of apoptotic DNA fragmentation. 9, 10 Accordingly, results using caspase-3 immunodepleted cell-free extracts indicate that caspase-3 is the main effector caspase for many apoptotic processes, like chromatin margination, DNA fragmentation and nuclear collapse in this system. 11 Caspase-3 is synthesized as a dormant proenzyme (p32), consisting of a 3 kDa prodomain, the large subunit (p17) and the small subunit (p12). Maturation is executed via a two-step mechanism. 5 First, the large and the small subunit are generated by proteolytic cleavage mediated via an initiator caspase 12 or through pH-dependent autocatalytic processing. 13 In a second step, the preactivated caspase-3 selfcatalyses removal of its prodomain from the large subunit to generate the p17 polypeptide. The X-ray crystal structure of active caspase-3 has been solved. 14, 15 The mature enzyme was shown to exist as a tetramer with two independent active sites, each containing elements from one large (p17) and one small (p12) subunit. Catalysis is mediated by a mechanism typical of cysteine proteases involving a catalytic dyad, composed of Cys163 and His121, which are harbored by the large subunit. The substrate-binding cleft recognizes a short 4 amino-acid stretch within protein substrates, directly N-terminal to the cleavage site. 14 This tetrapeptide motif, which is sufficient to bind specifically to the active caspase, is the basis for the design of the synthetic inhibitors. Comparative inhibitor analysis clearly indicates that peptide-derived inhibitors harboring the optimal substrate tetrapeptide-motif for a specific caspase are highly potent and in some cases selective. 16 To date, all synthetic caspase inhibitors, as well as the endogenous, macromolecular inhibitors that have been identified are competitive inhibitors which act by occupying the active site of the enzyme.
Caspase inhibitors typically contain an electrophilic group or 'warhead,' which binds covalently to the active-site cysteine, 16 and depending on the chemistry of this 'warhead', caspase inhibitors can be characterized as being either reversible inhibitors that include aldehydes, nitriles and ketones or irreversible inhibitors such as diazomethylketones, acyloxymethylketones and halomethylketones. Although in general peptide-based inhibitors show substantial disadvantages, like poor cell penetration and poor metabolic stability in cell-based assays, some classes have proven effective at inhibiting recombinant caspases in vitro, as well as in cellbased systems. The aspartic acid-esterified nonselective tripeptide-fluoromethylketone, Z-VAD(OMe)-CH2F, which is presumably de-esterified and activated upon entry into cells, is efficacious at inhibiting cell death in vivo; 5, 17 this is despite the drawbacks of the active counterpart, which include the lack of chemical stability and electrophilic promiscuity, that potentially results in activity against other biological targets. 5 The mechanisms that regulate caspase-3 activation have been extensively studied, but few studies have investigated the fate of caspase-3 once activated or for that matter once inhibited. However, this phenomenon is important as cells may not always be destined to die following activation of caspase-3, particularly if they are treated with inhibitors or are required on a transient basis to serve some regulatory role. In this study, we sought to directly analyze the fate of active caspase-3 in intact cells. We report, that active caspase-3 is rapidly degraded by a mechanism that is dependent on the catalytic activity of the active enzyme. This degradation can be inhibited by synthetic caspase-3 inhibitors which concomitantly results in the stabilization of active caspase-3. The stabilizing effect mediated by synthetic inhibitors is primarily a function of the inhibitor's intrinsic potency as well as its cell permeability. The possible implications of these observations are discussed.
Results
Although several studies have elegantly elucidated the mechanism of caspase processing and activation, the fate of caspases, once activated, is poorly understood. 6, 12 For instance, following the induction of apoptosis, we and others 18, 19 have noted the stark lack of an appropriate precursor-product relationship between the proenzyme and the mature (p17) subunit of caspase-3. As shown by immunoblot analysis this phenomenon is readily observed in HeLa cells induced by staurosporine treatment to undergo apoptosis ( Figure 1 ). The loss of p17 signal, as determined by Western blotting, following the conversion from the proenzyme to the active form, is not due to a difference in the affinity of the caspase-3 antibody for the p17 subunit or to poor transfer efficiency of the p17 subunit to the nitrocellulose membrane, as experiments with recombinant caspase-3 have demonstrated (data not shown).
To address the fate of active caspase-3 in HeLa cells, we employed a tetracycline-responsive expression system which transiently coexpresses the large and small subunits of caspase-3 from a bidirectional promoter. This expression system can be used to directly overproduce active caspase-3 enzyme, while circumventing the need for a proapoptotic stimulus. Consistent with the rapid turnover of mature endogenous caspase-3, we failed to detect significant amounts of the large subunit by Western blot analysis at 48 h post-transfection using an antibody specific for the p17 subunit ( Figure 2a, lane 3) . In contrast, procaspase-3 (p32) was detected at high levels following transfection using the same expression system (Figure 2a, lane 1) . A corresponding lack of detectable p12 polypeptide has been similarly noted in other immunoblot experiments (data not shown). The following observations make it unlikely that a complete lack of expression of the p17 and p12 subunits was responsible for this difference. First, similar amounts of mRNA encoded by the transfected constructs (p17/p12, p32) were detected by RT-PCR (Figure 2a, lanes 1 and 3) . Second, unlike cells transfected with plasmid-DNA encoding the proenzyme (p32), cells coexpressing both subunits of the active enzyme, p17 and p12, underwent apoptosis ( Figure 2b , compare top left and right panels). This clearly indicates that active enzyme was indeed being expressed. In addition, the cell death observed could be specifically linked to the expression of p17/ p12, as repression of the p17/p12 construct through addition of doxycycline to the culture medium resulted in healthy cells (Figure 2b , bottom right panel). Third, detection of a cotransfected EGFP protein shows that expression of Figure 1 Lack of precursor product relationship between procaspase-3 and mature caspase-3 in apoptotic HeLa cells. Caspase-3 was activated in HeLa cells by treatment of the cells with 1 mM staurosporine for 4 h. Cytoplasmic lysate (15 mg) from untreated and treated cells was analyzed by SDS-PAGE and Western blotting using an antibody directed against the large subunit (p17) of human caspase-3. The nonspecific band migrating between the p32 and p17 polypeptides serves as a loading control exogenous proteins was clearly not being abolished in the p17/p12 transfected cells, although the induction of apoptosis did have a mild effect on the expression efficiency ( Figure 2c ). Figure 2c , clusters of dying cells (indicated by the arrows) could be easily identified as being GFP-positive by fluorescence microscopy. The EGFP protein was reduced in its amount, but was not totally absent ( Figure 2c ). The same holds true for a coexpressed inactive procaspase-3 mutant, which cannot be processed ( Figure 5 , lane 8). Together, these results suggest that, once generated, the active enzyme is rapidly degraded.
As illustrated in
In order to test whether the catalytic site of caspase-3 was involved in conferring instability to the active enzyme, we performed transfection experiments with either proenzyme(p32)-expressing or p17/p12-expressing vectors in the presence of an irreversible pan-caspase inhibitor (zVAD-FMK). Interestingly, the inhibitor produced a notable increase in the level of p17 such that it could easily be detected by . This suggested that caspase inhibitors could have either a direct stabilizing effect on the active enzyme complex or enhance the expression through a cytoprotective effect. Experiments with the overexpressed proenzyme strongly support a mechanism involving enzyme stabilization. A small fraction of the highly expressed proenzyme was found to spontaneously undergo processing to its active subunits. In the presence of inhibitor, a significant elevation of the p17 subunit could be detected, thus corroborating the inhibitor stabilizing effect on the active enzyme (Figure 3a , compare lanes 1 and 2). The increase is even more significant in light of the fact that the inhibitor is also acting to prevent procaspase-3 processing to its active subunits through an inhibition of upstream activator caspases (i.e. caspases-8, -9) or autolytic processing. Hence, in addition to inhibiting the catalytic activity of caspases, synthetic inhibitors appear to influence the rate of degradation of active caspase-3, likely through stabilization of the heteromeric complex. A similar effect on p17 turnover was observed when a more selective and reversible caspase-3 inhibitor (MF452) was administered to the cell cultures (Figure 3b ). This inhibitor is intrinsically at least two orders of magnitude more potent than zVAD-FMK and can bind active caspase-3 with much greater affinity. This is consistent with the more pronounced level of complex stabilization seen with MF452. The enhanced stabilizing effect of MF452 could not be attributed to more efficient rescue from cell death (i.e. healthier cell cultures) given that more cell death was observed in the MF452-treated cultures than in the zVAD-FMK-treated cultures (Figure 3b ). In these experiments, zVAD-FMK, a less potent but pan-caspase inhibitor, was likely mediating its cytoprotective effects through inhibition of multiple caspases. To further explore the relationship between the intrinsic potency of different caspase-3 inhibitors, their ability to inhibit apoptosis as measured by DNA fragmentation, and their ability to stabilize the enzyme in vivo, we compared the relative stabilizing effect of a panel of selective inhibitors (Figure 3c ; Table 1 ). When comparing inhibitors with similar ability to inhibit apoptosis (i.e those within Group I, II, or III), we found that the magnitude of the stabilization tracked directly with intrinsic potency against caspase-3. Furthermore, the inhibitors which were the most potent at inhibiting apoptosis (Figure 3c , Group III, lanes 7-9) were not able to stabilize the enzyme any better than weaker inhibitors of apoptosis (Figure 3c , Group I, lanes 2-4). Thus, the ability of the inhibitors to bind specifically to caspase-3 primarily determines their capacity to stabilize the enzyme complex.
To further examine the requirement for stabilization of an active conformation of caspase-3, we asked whether a caspase-3 selective inhibitor can also stabilize the p17 large subunit when it is expressed in the absence of the p12 subunit. Under these conditions the p17 subunit could not be detected in significant amounts by immunoblot analysis (Figure 4, lane  3) . Even in the presence of inhibitor the turnover of the large subunit was not suppressed (Figure 4, lane 4) , indicating the inhibition of turnover is dependent on coexpression of the small subunit. To confirm proper expression of the large subunit from the vector encoding only the large subunit, cotransfection with a second vector encoding the small subunit was performed. Coexpression of p12 partly rescued the ability of the inhibitor to stabilize the large subunit (Figure 4 , lane 6). The rapid degradation of the p17 subunit, when expressed alone, likely results from its failure to assemble into a stable heteromeric complex. We conclude from these results that the formation of the p17/p12 complex is a prerequisite for inhibitor-mediated stabilization.
In an effort to determine whether the catalytic activity of caspase-3 was required for rapid turnover to occur, we examined the stability of a p17 polypeptide mutant harboring a point mutation which inactivates the catalytic cysteine (Cys163Ala). Upon dimerization with p12, to form the bipartite substrate binding site, the resulting caspase-3 heterodimer was no longer able to catalyze cleavage of substrate. Cells were transfected with plasmids expressing both the p17(C163A) and the p12 subunit. In contrast to the active wild-type p17 subunit, the mutant p17 subunit could be easily detected by Western blot analysis 48 h after transfection, indicating that the catalytically inactive mutant p17 polypeptide was being expressed in a stable manner (Figure 4 , lane 7). Thus, it can be concluded that the rapid degradation of wild-type p17/p12 complex requires the catalytic activity of the enzyme. When caspase activity was abolished, as was the case with the mutant p17(C163A)/p12 complex, the p17 subunit was stabilized. The small increase in expression level of the mutant heterodimer in the presence of the inhibitor MF078 is believed to be a result of enhanced synthesis secondary to cytoprotection of the cells by MF078 posttransfection. This cytoprotective effect is also observed on transfection of other nonapoptotic genes (data not shown) and can be seen at the level of endogenous p32 activation.
Furthermore, we observed that stable expression of mutant p17 was dependent on the coexpression of the small p12 subunit. The stabilizing effect of p12 was visible either when it was encoded separately from or together with the mutant p17 subunit (Figure 4 , lane 7 and 11). When expressed alone, the p17(C163A) protein could not be detected (Figure 4, lane 9) . The same observation was made for the expression of the wild-type p17 subunit when expressed alone (Figure 4, lane  3) . In summary, these results strongly reinforce the hypothesis that the large subunit is only stable when assembled as a heteromeric complex together with the small subunit. Moreover, the mechanism of degradation of the unassembled wildtype or mutant p17 subunit likely differs from the mechanism mediating turnover of the active assembled p17/p12 complex, because turnover of the unassembled p17 subunit is independent of the catalytic activity of the caspase-3, whereas the degradation of p17/12 complex is not. Stabilization of the p17(C163A)/p12 complex indicates that caspase-3 activity is required for the turnover of the p17/p12 complex.
Thus far, we have demonstrated that caspase-3 catalytic activity is required for the turnover of mature caspase-3 and that the active form of caspase-3 can be stabilized by caspase inhibitors. Given this, two possibilities for the mechanism of active caspase-3 degradation can be proposed. On the one hand, the catalytic activity may be required to catalyze a cleavage event which is necessary to initiate the turnover of caspase-3. This cleavage event may act in cis to provide the signal for autolysis, although at the moment evidence for this possibility does not exist, since even at high concentrations, Caspase-3 turnover is stabilized by catalytic inhibition P Tawa et al
Table 1 Structure and Inhibition Profile of Caspase-3 Inhibitors Used in this Study
Caspase-3 turnover is stabilized by catalytic inhibition P Tawa et al experiments with the active recombinant enzyme indicate that it is quite stable (data not shown), or in trans, propagated via other proteolytic components in the cell. Alternatively, an intact active site may be required to attract a 'destructor' molecule which targets caspase-3 for degradation. To address these possibilities, we asked whether active caspase-3 can mediate turnover of the inactive p17/p12 complex via a transacting mechanism ( Figure 5 ). To this end, we coexpressed active p17/p12 subunits in combination with mutant p17(C163A)/p12 subunits. Even if hybrid catalytic domains are formed, one-quarter of the tetramers would be expected to be composed purely of mutant active sites. Under these conditions, the mutated large subunit p17(C163A) could not be detected, which is in strong contrast to its prominent presence in cells when expressed alone (Figure 4 , lane 7 and Figure 5, lanes 2 and 3) . This result demonstrated that active caspase-3 can act in trans to mediate turnover of heteromeric p17/p12 complexes. Although the p17(C163A)/p12 heterodimer is catalytically inactive, it can most likely adopt a conformation equivalent to the endogenous p17/p12 complex. A pseudoactive conformation might be important for the transacting mechanism of caspase-3 degradation. To test this hypothesis, we generated an uncleavable active site mutant of procaspase-3 through site-directed mutagenesis of the three primary maturation sites (Asp9, Asp28, and Asp175) to glutamic acids and conversion of the catalytic cysteine to an alanine residue. Upon coexpression with the active p17/p12 subunits the mutant form of procaspase-3 remained intact ( Figure 5 , lane 8), while wild-type procaspase-3 was degraded ( Figure 5 , lane 5), probably via processing to its mature subunits. The mutant procaspase-3 (D9,18,171A; C163A) polypeptide could not be processed and consequently, formation of a heteromeric, pseudo-active conformation was precluded. The lack of degradation of this mutant suggests that an active conformation is necessary for turnover of caspase-3 in the presence of enzymatic activity. In summary, three major conclusions can be drawn from our current work. First, caspase activity is critical to the promotion of its own turnover. Second, the active conformation of caspase-3 triggers its rapid degradation and this can occur via a trans-acting mechanism. Third, synthetic inhibitors can bind and stabilize the active enzyme, thereby preventing degradation of the mature enzyme in intact cells. Figure 4 Inhibitor-mediated stabilization requires an active caspase-3 conformation. HeLa Tet-Off cells were transfected with either 2.5 mg of vector encoding both large and small caspase-3 subunits (17/12), 2.5 mg of vector encoding caspase-3 large subunit (17), 2.5 mg vector encoding both large subunit containing cysteine 163 to alanine mutation and small caspase-3 subunit (17(C163A)/12), 2.5 mg of vector encoding caspase-3 large subunit containing cysteine 163 to alanine mutation (17(C163A)), or cotransfected with either 1.25 mg of vector encoding caspase-3 large subunit and 1.25 mg vector encoding caspase-3 small subunit (17 þ 12), or cotransfected with 1.25 mg vector encoding caspase-3 large subunit containing cysteine 163 to alanine mutation and 1.25 mg vector encoding caspase-3 small subunit (17(C163A) þ 12). Expression was for 48 h either in the absence or presence of the caspase-3 inhibitor MF078 (100 mM). SDS-PAGE and Western blots using an anticaspase-3 antibody on 15 mg of cytoplasmic lysates from transfected cells is shown Figure 5 An active conformation is necessary for caspase-3 turnover. HeLa Tet-Off cells were cotransfected with either 1.25 mg of empty tet-responsive bidirectional expression vector and 1.25 mg of vector encoding both large and small caspase-3 subunits (17/12), 1.25 mg of vector encoding both large subunit containing cysteine 163 to alanine mutation and small caspase-3 subunit and 1.25 mg of vector encoding both large and small caspase-3 subunits (17/12 þ 17(C163A)/12), 1.25 mg of empty tetresponsive bidirectional expression vector and 1.25 mg of vector encoding both large subunit containing cysteine 163 to alanine mutation and small caspase-3 subunit (17(C163A)/12), 1.25 mg of vector encoding procaspase-3 and 1.25 mg vector encoding both large and small caspase-3 subunits (32 þ 17/12), 1.25 mg of empty tetresponsive bidirectional expression vector and 1.25 mg of vector encoding procaspase-3 (32), 1.25 mg of vector encoding inactive and uncleavable procaspase-3 and 1.25 mg vector encoding both large and small caspase-3 subunits (32(C163A/D9-28-175A) þ 17/12), or 1.25 mg of vector encoding inactive and uncleavable procaspase-3 and 1.25 mg of empty tet-responsive bidirectional expression vector (32(C163A/D9-28-175A)). Expression was maintained for 48 h followed by SDS-PAGE and Western blots using an anticaspase-3 large subunit antibody on 15 mg of cytoplasmic lysates
Discussion
Caspases are synthesized on a constitutive basis as inactive proenzymes. In response to numerous proapoptotic stimuli procaspase-3 is rapidly processed to generate a large (p17) and small (p12) polypeptide subunit, and two copies of each subunit form a catalytically active tetrameric complex. 5, 12 Work from our lab and that of others 18, 19 demonstrates that the active form of caspase-3 is highly labile and is rapidly turned over relative to its proenzyme form. In addition, we show that turnover of caspase-3 is dependent on its catalytic activity and that as a consequence of inhibition, caspase inhibitors act to efficiently stabilize the active form of the enzyme. The rapid degradation of caspase-3 likely reflects the cell's need to ensure the timely suppression of a destructive proteolytic activity. This represents an efficient strategy to eliminate induced or even spontaneously generated caspase activity and thereby helps to protect cells. The control of enzyme activity via a degradative pathway is superimposed upon existing regulatory mechanisms that act to modulate caspases, including proteolytic processing (i.e. proenzyme maturation) and protein-protein interaction (i.e. IAP-mediated inhibition). 5, 20, 21 Temporal and/or spatial restriction of caspase-3 activity has previously been proposed to be important in cell cycle control 22 and neuronal plasticity. 23 Caspases have also been shown to be activated as part of the denucleation process during the terminal differentiation of lens epithelial cells. 24 Similarly, active caspases are detected following T-lymphocyte stimulation in the absence of apoptosis, suggesting a regulatory role during this process. 25, 26 Once activated, caspases that have fulfilled their regulatory functions would need to be eliminated to avoid driving the cells into apoptosis. Other examples of proapoptotic proteins, which are regulated by degradation include SMAC, tBid and APAF-1. In the case of the tBid the protein was shown to be degraded following cleavage by caspase-8 and a degradation-resistant form of t-Bid was found to cause less apoptosis compared to wt-tBid in transfection experiments. 27 Similarly, degradation of the cytochrome c-binding protein APAF-1 inhibits caspase activation during Ca(2 þ )-mediated neuronal cell death. 28 In addition, two independent groups have demonstrated that IAP-mediated proteosomal degradation of SMAC involves ubiquitination. 29, 30 With regard to the mechanism of turnover, the stabilization of the active enzyme by caspase inhibitors, as well as the increased stability of the catalytically inactive mutant suggests that the activity of caspase-3 may trigger its own degradation either directly or indirectly. Moreover, this activity can be provided in trans, such that an inactive caspase-3 mutant (C163A) can be efficiently degraded in the presence of active caspase-3. Self-cleavage of active caspase-3 seems unlikely as a potential mechanism for degradation given that the purified active enzyme does not display autolytic properties. Nonetheless, it is conceivable that caspase-3-dependent cleavage of one or more proteins, could in turn promote caspase-3 degradation. In this case, the activation of a specific degradative pathway for caspase-3 would be initiated in a feedback loop by caspase-3 itself.
Our studies reveal that only active caspase-3 or inactive caspase-3 arranged in a pseudoactive conformation seems to be degraded, while a noncleavable procaspase-3 molecule with a mutation in the catalytic site (C163A) is stable even in the presence of the active enzyme. This implies that, in addition to catalytic activity, the active conformation influences the turnover of active caspase-3. With respect to the requirement for an active conformation, recent data indicate that XIAP, a member of the IAP family, mediates ubiquitination of caspase-3 and thereby targets caspase-3 for proteasomal degradation. 31 It has been shown previously that XIAP binds to activated caspase-3 or to a catalytically inactive caspase-3 with an active conformation, but does not bind to the proenzyme. 32, 33 We do not believe, that the turnover of mature caspase-3 in our system involves XIAP-induced proteasomal degradation, since our studies demonstrate a requirement for an intact catalytic site. Furthermore, in our experiments, proteasome inhibitors (MG132, lactacystin) failed to stabilize active caspase-3 complexes in HeLa cells, possibly reflecting a cell-specific difference in the mode of degradation (unpublished data).
Finally, while it seems paradoxical, that on the one hand caspase inhibitors protect cells from death and on the other, help stabilize the active form of the enzyme, in effect elevating the intracellular pool of caspase-3, it should be stressed that the inhibitor-bound enzyme is catalytically inactive. Also, in spite of the rapid turnover of active caspase-3 there are generally sufficient molecules remaining to generate the apoptotic phenotype upon induction. Furthermore, through direct proteolytic inactivation of antiapoptotic proteins (e.g. IAP's) caspases can help evade their inhibition.
In summary, our studies demonstrate that active caspase-3 is less stable than procaspase-3 and that it can be stabilized with synthetic inhibitors, consistent with the observation that caspase-3 activity may trigger its own degradation. Future studies will be aimed at further elucidating the precise molecular pathway of degradation and its putative role as a mode of regulation for caspase activity.
Materials and Methods

Constructs
Procaspase-3 was amplified by polymerase chain reaction (PCR) (Clontech, Advantage HF PCR kit) as an MluI/NheI fragment using the following oligonucleotide pair: 5 0 -gcgcacgcgtgccgccaccatggagaacactgaaaactcagtggattc-3 0 and 5 0 -gcgcgctagcttagtgataaaaa tagagttcttttgtgag-3 0 ; protein limits: MENTyYFYH. The MluI/NheI fragment was subcloned into the multiple cloning site (MCS I) of the pBI vector (Clontech). Similarly, the large and small subunits of caspase-3 were amplified by PCR as PstI/ SalI (5 0 -gcgcctgcaggccgccaccatgtctggaatatccctggacaacag-3 0 and 5 0 -gcgcgtcgacttagtctgtctcaatgccacagtccag-3 0 ; protein limits: MSGISyIETD) and MluI/NheI (5 0 -gcgcacgcgtgccgccaccatgagtggtgttgatgatgacatggcg-3 0 and 5 0 -gcgcgctagcttagtgataaaaatagagttcttttgtgag-3 0 ; protein limits: MSGVDyYFYH) fragments and subcloned into MCS II and MCS I of the pBI vector, respectively, either together (17/12) or individually (17 or 12) . A Kozak consensus motif (gccgccaccatg) was engineered into the initiator methionione residue of all coding sequences. Point mutations were created by site-directed mutagenesis using overlapping oligonucleotides combined with PCR or by employing the Quickchanget mutagenesis kit (Stratagene). EGFP expression was encoded by the pBI-EGFP vector (Clontech).
Transfections
HeLa-Tet-Off cells (Clontech) were subcultured onto 60 mm tissue culture dishes (5 Â 10 5 cells per dish) and transfected the following day with 2.5 mg. of plasmid DNA using the Lipofectamine Plust reagent (Life Technologies). Cells were allowed to express the transgenes for 48 h prior to harvesting. When doxycycline (2 mg/ml in water) was included during the transfection and expression period, 2 mg/ml final concentration was used. When caspase-3 inhibitors (25 mM in DMSO) were included during the transfection and expression period, 100 mM final concentration was used. Cells were harvested by scraping into 75 ml of CHEG buffer (50 mM HEPES/KOH, pH 7. 0.1 % CHAPS, 2 mM EDTA, 10 % glycerol) containing a protease inhibitor cocktail (Completet, Boehringer Mannheim) in order to prepare the cytoplasmic lysates. Protein concentrations were determined using the BioRad Protein Assay (Bio Rad).
Immunoblot analysis
Immunoblot blot analysis was performed as described 13 using Novex reagents. For immunoblot analysis of caspase-3, a 1 : 2000 dilution of the R280 rabbit antiserum (large subunit of caspase-3 used as immunogen; generated in-house) was used. For immunoblot of EGFP, a 1 : 1000 dilution of a monoclonal anti-GFP antibody (Cat# 1814460, Boehringer Mannheim) was used. A 1 : 3000 dilution of a horseradish peroxidaseconjugated donkey anti-rabbit or sheep anti-mouse secondary antibody (Amersham) was used.
RT-PCR
RNA from transfected cells was prepared from half of the cells cultured on a 60 mm dish after a 48 h expression period using the High Puret RNA isolation kit (Boehringer Mannheim). RT-PCR was performed on 100 ng of RNA and a primer pair specific for the small subunit of caspase-3 (5 0 -gtgttgatgatgacatggcgtgtc-3 0 and 5 0 -ttagtgataaaaatagagttcttttg-3 0 ) using the Titant One Tube RT-PCR System (Boehringer Mannheim).
Determination of inhibitor potency
For determination of caspase potency, inhibitors were titrated against recombinant purified caspases (caspase-1 (1 nM), caspase-3 (118 pM), caspase-7 (600 pM), and caspase-8 (4 nM)) and caspase activity measured immediately upon addition of fluorogenic tetrapeptide substrates at their Km (ac-DEVD-AMC (Biomol) at 10, 7.5,. and 50 mM for caspases 3, 7, and 8, respectively, or ac-YVAD-AMC (Biomol) at 10 mM for caspase-1) over 10 min at room temperature in CHEG buffer using a 96-well fluorometer (Cytofluor, Perseptive Biosystems). The potency assay involved testing the inhibitors against all four caspases concurrently and always included a well-studied inhibitor that served to make sure all enzymes were behaving normally. Enzyme and inhibitors were mixed just prior to substrate addition without any preincubation. Potencies were calculated and expressed as the concentration of inhibitor needed to inhibit 50% of the control caspase-3 activity (i.e. enzyme receiving vehicle alone (no inhibitor)) over the 10 min timecourse as measured by the slope of the AMC accumulation over time. Curvature in the slope for the tight binding inhibitor MF191 (ac-DEVD-cho) was negligible over this time frame.
For determination of inhibitor potency against apoptosis, human teratocarcinoma cells (NT2) plated in 96-well plates were induced to undergo apoptosis for 5 h with 5 mg/ml camptothecin (Sigma) in the presence and absence of inhibitor titrations and the level of nucleosomal DNA fragmentation was measured using the Cell Death ELISA kit (Boehringer Mannheim). Potencies were calculated and expressed as the concentration of inhibitor needed to inhibit 50% of the control level of nucleosomal DNA fragmentation (i.e. cells receiving vehicle alone (no inhibitor))
